Abstract. Connexin (Cx) genes exert negative growth effects on tumor cells with certain cell specificity. We have recently reported that Cx32 acts as a tumor suppressor gene in a metastatic renal cancer cell line (Caki-1) due to the inactivation of Src. In line with the previous study, here we investigated if an Src family inhibitor (PP1) could enhance the tumor-suppressive effect of Cx32 in Caki-1 cells from human metastatic renal cell carcinoma. We examined the difference in the cytotoxic effect of PP1 on two cell clones, Cx32-transfected Caki-1 cells (Caki-1T) and mock-transfected Caki-1 cells (Caki-1W), in vitro as well as in vivo. PP1 showed more cytotoxic effect on Caki-1T than on Caki-1W at lower doses. This reinforcement was also observed in a xenograft model of nude mice. The in vitro reinforcement of the cytotoxic effect depended not only on control of cell-cycle transition but also on the induction of apoptosis, and the occurrence of the event was mostly caused by potential inhibition of Src activity in Caki-1T. Also, under a hypoxic condition, which is a typical environment of tumor tissue, Cx32 suppressed hypoxia-induced Src activation, and PP1 enhanced cytotoxicity in Caki-1T. These results suggest that, in addition to the Cx32-dependent tumor-suppressive effect, the concomitant inhibition of Src by PP1 is an effective procedure to induce a cytotoxic effect in Caki-1 cells.
Introduction
Renal cell carcinoma (RCC) is an adult-onset epithelial malignancy, accounting for approximately 85% of all kidney tumors with an estimated incidence of >30000 new cases per year in the United States (1) . RCC has a very poor prognosis, mainly because, in nearly 30% of all patients with localized disease, 40% of these ultimately develop distant metastases following removal of the primary tumor (1) . Radical nephrectomy is the main treatment for localized RCC (1) . However, radiotherapy and the available chemotherapeutic agents are ineffective against advanced and metastatic RCC (2) . Furthermore, immunotherapy using interferon-· and interleukin-2 is effective in only a small percentage of patients with metastatic RCC and is extremely toxic (3) . Therefore, the development of new therapies with an improved response in a large number of patients is clearly needed for the treatment of advanced and metastatic RCC.
Homeostasis in cellular society is one of the most important factors for maintenance of tissue function, and its disorder often results in dysfunction of organs and development of cancer (4) . That is, the down-regulation of tumor suppressor genes keeping homeostasis during the carcinogenic process directly leads to the development of cancer. Among tumor suppressor genes contributing to tissue homeostasis, connexin (Cx) genes, a member of gap junction (GJ), are frequently down-regulated at an early stage of the carcinogenic process. Furthermore, the Cx gene preferentially exerts a tumorsuppressive effect on the tumor from normal cells in which the Cx gene is naturally expressed (5, 6) . Thus, if we could determine the Cx gene specifically expressed in the progenitor cell of each tumor and clarify the tissue-specific tumor suppressive effect of the gene, we could use it to establish a new therapy against the cancer. In recent studies, we have shown that Cx32 prominently expresses in the normal human renal epithelial cell, a normal cell leading to the development of renal cell carcinoma by carcinogenic stimulation, while the down-regulation of Cx32 occurs in human RCC cell lines as well as cancerous regions of human kidneys (7, 8) . Also, we have found that Cx32 exerts negative growth effects on RCC cell lines from human advanced and metastatic RCC (9) . These reports suggest that Cx32 acts as a tumor suppressor gene against advanced and metastatic RCC.
The Src family of kinases (Src), which is a family of intracellular non-receptor tyrosine kinases, is widely expressed in (10) . There has been increasing evidence that the activation or overexpression of Src contributes to invasion, angiogenesis, and chemoresistance in several types of cancer (11) . We have also reported that Src is a key molecule for determining malignancy in RCC (12) . These reports suggest that Src is a potential novel therapy target for most cancers, including RCC. Since Cx32-dependent tumor suppression in advanced and metastatic RCC cells is in part based on the inactivation of Src (9), it is hypothesized that, in addition to Cx32-dependent inhibition of Src, further suppression of the activity by pharmacological treatment may reinforce the Cx-induced negative growth control of RCC. If so, this treatment approach may lead to establishment of a new therapy against RCC. In this context, the present study was undertaken to clarify the above possibility.
Materials and methods
Cell culture, construct and transfect. Caki-1, a representative human metastatic renal cell carcinoma cell line was obtained from ATCC (Rockville, MS, USA), and maintained in media.
The culture conditions were as follows: the cells were cultured in McCoy's 5A medium (Invitrogen, San Diego, CA) supplemented with 10% fetal calf serum (FCS) and penicillinstreptomycin on standard plastic tissue culture dishes and incubated in an atmosphere of 95% air/5% CO 2 at 37˚C. The human Cx32 cDNA insert containing the entire coding region (13) was subcloned into the expression vector pcDNA3 (Invitrogen) at the KpnI-BamHI site, and the sequence of construct pcDNA3-Cx32 was confirmed by DNA sequencing. Parental cells were transfected with either 3 μg of Cx32 cDNA or empty pcDNA3 vector as a control using Gene Jamar Transfect Reagent (Stratagene, La Jolla, CA). After 48 h, the transfected cells were selected in culture medium containing 0.6 mg/ml G418 (Sigma, St. Louis, MO) for 2 weeks. In order to avoid clonal variations by selection, we combined all of the surviving clones and used the combined clones to estimate the tumor-suppressive effects of Cx32 (9) . In brief, 10 μl of WST-1 reagent was added to each well, and the plate was incubated in an atmosphere of 95% air/5% CO 2 at 37˚C for 10 min. After incubation, the optical density at 450 nm in each well was determined using a microplate reader (Atto, Osaka, Japan).
Cell-cycle analysis. The cells were plated at 2x10 5 cells/plate, cultured in culture medium for 24 h, and treated with PP1 for 24 h at 0.1 μM. Then, the cells were fixed in 70% ethanol for 30 min at 4˚C and incubated in PBS containing 0.05 mg/ml propidium iodide, 1 mM EDTA, 0.1% Triton X-100, and 1 mg/ ml RNase A for 30 min at room temperature. The cell suspension was then passed through a nylon mesh filter and analyzed on a Becton Dickinson FACScan.
Estimation of apoptosis. The cells were plated at 2x10
5 cells/ plate, cultured in culture medium for 24 h, and treated with PP1 for 48 h at 0.1 μM. Then, the induction of apoptosis was estimated quantitatively. In order to perform the estimation, a sandwich enzyme immunoassay was conducted by cellular DNA fragmentation ELISA (Roche Diagonistics, Tokyo, Japan) according to the manufacturer's instructions, and caspase 3 activity was determined by caspase3/CPP32 colorimetric assay kit (Biovision, Mountain View, CA, USA) according to the manufacturer's instructions.
Determination of Src activity. The cells were plated at 1x10 6 cells/plate, cultured in culture medium for 24 h, and treated with PP1 for 24 h at 0.1 μM. Then, the cells were solubilized in lysis buffer (50 mM Tris-HCl, pH 7.5-30% glycerol). The lysate was centrifuged at 10000 x g for 10 min, and the supernatant was used as an enzyme source to determine Src activity. The reaction mixture contained the enzyme source, 250 ng poly(Glu 4 -Tyr) peptide-biotin conjugate, 10 mM MgCl 2 , 1 mM MnCl 2 , 1 mM dithiothreitol, 200 μM ATP, and 20 mM Tris-HCl buffer (pH 7.4), and the reaction was performed at 37˚C for 15 min. After the reaction, Src activity was estimated by enzyme-linked immunosorbent assay (ELISA) using the Tyrosine Kinase Assay Kit chemiluminescent detection (Upstate, Charlottesville, VA, USA), according to the manufacturer's instructions.
Immunoblot analysis. The level of each molecule was estimated by immunoblot analysis using a specific antibody against each protein. In brief, the cells were lyzed in 1 ml of ice-cold lysis buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 1% Triton X-100, 10 mM ß-glycerol phosphate, 0.1 mM sodium vanadate, 1 mM NaF, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 50 μg/ml 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride, 1 mM dithiothreitol fluoride hydrochloride, 1 mM dithiothreitol). The lysates were separated on 10% SDS-PAGE, transferred to nitrocellulose membranes and subjected to immunoblotting using anti-Bcl-xL, -Bcl-2, -Bax, and -ß-actin (BD Biosciences, San Jose, CA, USA) and anti-total and -phosphorylated Src (Upstate). Detection was accomplished using the ECL system (Amersham, Piscataway, NJ, USA) and a cooled CCD camera-linked Cool Saver System (Atto, Tokyo, Japan). A two-dimensional densitometric evaluation of each band was performed using ATTO Image Analysis Software (ATTO). Molecular sizing was performed using Rainbow Molecular Weight Marker (Amersham, Piscataway, NJ). Protein concentration was determined using DC Protein Assay (BioRad, Hercules, CA).
Tumorigenicity assay in nude mice. Aliquots of 1x10
7 cells of each cell group in MATRIGEL (BD Biosciences, Bedford, MA) were subcutaneously injected into the backs of five 5-week old BALB/c An-nu/nu athymic mice (Japan Clea, Tokyo, Japan). PP1 suspended in 50% DMSO with PBS was administered intraperitoneally for tumor-bearing mice at 20 mg/kg on days 3, 5, 7, 10, 12, 14, 17, and 19 after the injection of the tumor cells. On day 21 after the tumor cell injection, tumors were carefully removed after sacrifice and weighed. This experiment was carried out in five mice per group.
Statistical analysis. Data were analyzed by one-way analysis of variance followed by Dunnett's multiple-range test or Student's t-test. A P-value of 0.05 or less was considered significant.
Results

Effect of Src inhibition on cell viability in Caki-1W and
Caki-1T. In a previous study, we have already established the Cx32-expressed Caki-1 cell (Caki-1T) and mock-transfected Caki-1 cell (Caki-1W) (9) . The present study was carried out using the two established cell clones. Since we have found that the tumor-suppressive effect of Cx32 in Caki-1 cells partly depends on the inactivation of Src (9), we considered a possibility that further suppression of Src activity could reinforce the CX32-regulated negative growth control of the cancer cells. In order to examine this possibility, we determined A, the cells were treated with PP1 (0.1 μM) for 24 h. After the treatment, cell-cycle analysis was performed by FACS. Each value indicates the mean from three determinants. B, the cells were treated with PP1 (0.1 μM) for 48 h. After the treatment, each assay was carried out as described in 'Materials and methods'. Each value indicates the mean from five determinants; vertical lines indicate SEM. * Significant difference from Caki-1W. C, the cells were treated with PP1 (0.1 μM) for 48 h. After the treatment, the cells were observed by phase-contrast microscopy. Each morphological change is representative of three samples and magnification is x100. C the cytotoxic effect of an Src family inhibitor, PP1, on Caki-1T and Caki-1W. The dose dependency of the PP1-induced cytotoxicity against the two cells after 72 h exposure was examined, and the results are shown in Fig. 1 . The PP1-induced cytotoxicity against Caki-1T was more pronounced than that against Caki-1W in a dose-dependent manner. Under the same treatment conditions, we also confirmed that PP3, a structurally related molecule of PP1 which did not inhibit Src activity, had no cytotoxicity against the cancer cells (data not shown). Overall, it is suggested that the inhibition of Src activity enhances the negative growth control of Cx32 in Caki-1 cells.
Effect of Src inhibition on cell-cycle progression and induction of apoptosis in Caki-1W and Caki-1T.
To distinguish if the observed difference in PP1-induced cytotoxicity resulted from cell-cycle arrest and/or induction of apoptosis, we performed both cell-cycle and apoptosis analysis. As shown in Fig. 2A , Cx32 expression in Caki-1 cells caused G1 arrest in the cell cycle, and PP1 reinforced the Cx32-induced G1 arrest. Also, PP1-induced apoptosis in Caki-1 cells was enhanced by the expression of Cx32 with statistical significance (Fig. 2B) and was confirmed by microscopic observation (Fig. 2C) . These results suggest that the enhancement of the PP1-induced cytotoxicity in Caki-1T depends not only on cell-cycle regulation but also on the induction of apoptosis.
Difference in Src activity and Src-regulated signaling between
Caki-1W and Caki-1T. We have reported that Src activates signal pathways controlling cell survival as well as cell growth through the activation of signal transducer and activator 3 (Stat3) in RCC cells (9, 12) . Therefore, in order to confirm a relationship between the activated status of Src/Stat3 signaling and the difference in PP1-induced cytotoxicity in Caki-1W and Caki-1T, we determined Src activity and levels of its regulated signal molecules. As shown in Fig. 3 , Src activity, the activated status of Stat3, and the levels of a cell-cycle regulator (cyclin D), an anti-apoptotic molecule (Bcl-xL) and pro-apoptotic molecule (Bax) were closely associated with the difference in PP1-induced cytotoxicity in Caki-1W and Caki-1T. These results suggest that the difference in the activated status of Src signaling contributes strongly to the observed difference in PP1-induced cytotoxicity in Caki-1W and Caki-1T. 
Effect of Src inhibition on cell viability in Caki-1W and Caki-1T under hypoxia. Reduction in tissue oxygen tension (hypoxia)
is critical to the growth, invasion and metastasis of tumor cells, and the activation of Src by hypoxia is absolutely required to induce several molecules necessary for the survival and growth of tumor cells under hypoxia (15, 16) . In this context, we examined whether there could be differences in Src activation and PP1-induced cytotoxicity between Caki-1W and Caki-1T under hypoxia. As shown in Fig. 4A , hypoxia-induced Src activation in Caki-1T was lower than that in Caki-1W, and the PP1-induced cytotoxicity against Caki-1T under hypoxia was much higher than that against Caki-1W in a dosedependent manner (Fig. 4B) . These results suggest that, as with normal conditions, the inhibition of Src activity under hypoxia also enhances the Cx32-dependent negative growth control of Caki-1 cells.
Effect of Src inhibition on growth of Caki-1W and Caki-1T in a xenograft model with nude mice.
To confirm that PP1 treatment reinforces the negative growth control of Cx32 in Caki-1 cells in vivo, we examined whether the treatment could suppress the development of Caki-1T more effectively than that of Caki-1W in a xenograft model using nude mice. As previously reported (9), the development of Caki-1T was significantly less than that of Caki-1W, and PP1 treatment significantly suppressed the development of Caki-1T compared to the non-treatment (control) group of Caki-1T (Fig. 5) . This result demonstrates that PP1 reinforces the tumor-suppressive effect of Cx32 in Caki-1 cells in vivo.
Discussion
It has been shown that the specific activity of Src is increased 5-to 8-fold in premalignant lesions and the majority of colorectal adenocarcinomas compared to normal colon tissue, and that the difference in Src activity is correlated with tumor progression (17) . Moreover, a further increase of specific Src activity is seen in cells derived from metastases versus cells from primary tumors (18) . These reports indicate a stepwise increase in Src activity during various stages of tumor progression and its possible contributions to tumor development. We have also observed that Src activity in cells from metatastic RCC was higher than that in cells from primary RCC (12) . Thus, Src is a promising therapy target for RCC as well as for other cancers.
We have recently reported that Cx32 acts as a tumor suppressor gene against RCC cells having malignant phenotypes related to progression and metastasis (9) . The tumorsuppressive effect of Cx32 in RCC cells mainly depends on the suppression of Src activation, and this suppression leads to the inhibition of several Src-regulated survival and growth signaling molecules (9) . However, Cx32 alone can only induce a cytostatic effect, not a cytotoxic effect, against RCC cells. Furthermore, severe inhibition of Src by its specific inhibitors effectively induces cytotoxicity in cancer cells with activated Src (12) . Thus, it seems that, in addition to the Cx32-dependent regulation of Src, further inhibition of Src by other inhibitors could cause cytotoxicity in RCC cells. In this study, we examined this possibility.
As expected, we observed that PP1 effectively induced cytotoxicity in Caki-1T at lower doses than in Caki-1W. We also found that this reinforcement of PP1 on Cx32-dependent negative growth control in Caki-1T was associated with cell growth control (cell-cycle regulation) and the induction of apoptosis. Of the Src-regulated signal molecules, Stat3 is considered a key molecule for induction of the Src-dependent malignancy in cancer cells, including RCC (12, 19, 20) , and Stat3 also participates in cell growth and survival through the induction of cyclin D required for G1/S progression in the cell cycle and the increase of Bcl-xL as a representative antiapoptotic molecule, respectively (20, 21) . We have also observed that the activation of Stat3 caused by Src directly induces cyclin D and Bcl-xl in Caki-1 cells (22) . Thus, it is likely that PP1 potentiates the Cx32-dependent negative growth control in Caki-1T due to the suppression of Src/Stat3-induced upregulation of cyclin D and Bcl-xL. We confirmed that the level of Src activity in each group was closely related to the activated status of Stat3, the levels of cyclin D and Bcl-xL. In addition to this event, we observed that the level of Bax in Caki-1T was elevated by PP1 treatment. In general, it is well known that apoptosis is modulated by a changing balance in anti-apoptotic molecules, such as Bcl-xL, and proapoptotic molecules, such as Bax (23), so the reduction in the ratio of Bcl-xL to Bax may contribute to the enhancement of PP1-induced apoptosis in Caki-1T.
Although hypoxia is toxic to both tumor cells and normal cells, the tumor cells undergo genetic and adaptive changes that allow them to survive and proliferate in hypoxic environments, leading to aggressive tumor behavior (24) . Hypoxic tumor cells are also considered to be resistant to most anti-cancer agents for several reasons: for example, hypoxia selects cells that have lost sensitivity to p53-mediated apoptosis, which might lessen the sensitivity to some anticancer agents (25) . Thus, inhibition of hypoxic adaptation in tumor cells may contribute to effective negative growth control of tumor cells. In this study, we observed that Cx32 suppressed hypoxia-induced activation of Src in Caki-1 cells and that PP1 enhanced cyto- toxicity in Caki-1 cells under the Cx32-regulated suppression of hypoxic Src activation. These data suggest that hypoxiainduced Src activation is a key factor in the induced hypoxic adaptation of Caki-1 cells and that the potential inhibition of Src activation by the combination of an Src inhibitor (PP1) and Cx32 is an effective procedure for regulating the growth and survival of Caki-1 cells under hypoxia. This hypothesis was confirmed in the xenograft model.
It is known that all tumors must undergo angiogenesis or neovascularization in order to acquire nutrients for continued growth and metastatic spread under hypoxia (26) . Vascular endothelial growth factor (VEGF) is the most important factor in inducing angiogenesis and is up-regulated by Src-Stat3 activation (27) . We have also demonstrated that Cx32 alone reduces the development of Caki-1 cells in a xenograft model due to the inhibition of Src-Stat3-VEGF signaling (9) . In this study, we again showed that Cx32 drastically suppressed the in vivo growth of Caki-1 cells, but the Cx32-dependent growth inhibition of Caki-1 cells in the xenograft model was much higher than the growth inhibition by PP1 treatment alone. This result indicates that, in addition to Src inhibition, Cx32 acts on other target molecules to induce a drastic growth inhibition of Caki-1 cells. As a possible mechanism, we can speculate that Cx32-induced restoration of cell-cell contact inhibition contributes in part to the in vivo growth control of Caki-1 cells, because Cx32 causes the re-expression of cadherin-6, a major molecule required for cell adhesion function in renal epithelial cells and the subsequent recovery of cell-cell contact function (9) . Thus, it seems that the multi-suppressive effects of Cx32 against Caki-1 cells lead to in vivo cell growth suppression. Furthermore, we observed that Cx32 did not induce the death of Caki-1 cells either in vivo or in vitro (data not shown). However, in addition to the Cx32-dependent inhibition of Src, further inhibition by PP1 treatment could induce cell death in most of the Caki-1 cells in vivo (data not shown). Since our recent report has demonstrated that difference of Src activity in various types of RCC cells is critical to determine if Src inhibitors induce cytotoxic or cytostatic effects in cancer cells (12) , severe inhibition of Src activity in Caki-1 cells by the combination of Cx32 and PP1 may cause effective cell death in vivo.
In addition to the Cx32-dependent tumor-suppressive effect, Cx has an advantage in establishing a new cancer therapy for RCC. In general, it is well established that Cx genes acts as tumor suppressor genes via GJ allowing the direct transfer of small cytoplasmic hydrophilic metabolites (M r <1500) between neighboring cells to maintain cellular homeostasis (28) . In a recent report, it has been shown that, due to GJ-dependent cell coupling, individual dying bladder cancer cells can spread cell death signals into adjacent cells which then also die by apoptosis, and that the messenger molecules which pass through gap junctions to kill the cell are probably calcium ions (29) . In another study, glioma cells that resisted apoptosis due to the overexpression of Bcl-2 could, nevertheless, be killed when they were coupled via GJ with vulnerable non-transfected counterparts (30) . From this report, it is assumed that the effective dose of anti-cancer agent against cancer cells is reduced due to the propagation of cell death signals from dying cells to surrounding living cells via GJ. We also observed that inhibition of GJ-dependent functions by a specific inhibitor against the functions (18-glycyrrhetinic acid) partly abrogated PP1-induced cytotoxicity in Caki-1T (data not shown). Therefore, the above GJ-dependent function may be effective in Caki-1 cells. Overall, the combination of the renal tumor-suppressive effect of Cx32 and Src inhibitors such as PP1 is a promising strategy to establish a potential new cancer therapy for advanced and metastatic RCC.
